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Laser system

Control system (FPGA)




..O.r el
o}l

i 3| -
W TF

N 0.

_ B W
) o0 g
K 3% %

100
o

-

-

_x_____
RO

<*

* AR Ll FwLIE|



- ) @ I
50
o
<l
:
e (o}
S =
™m0
e | | &
o 80
=<
K
o0
€ 4 . 4
A
o e S
u_.h o m_x
60 <0
{il 00 b
N . 0
RO )
e
K
o0



48 U PR

% QIX} H|E (FH|E) A3
* ZME AKX}
* 0| E=H AKX}
* NV =Al AX}
* QUXIY AX|

* Mo H S
* 2K Ho]
* A 2| E
* SAERE 1 24
* emulator
I HFEE Ax} HFRE Sl




of JHoll &8
=
o

LA sHZE




* AR 78k 7|&
* MMRIMEH Fo| 7%
* YREH 02
oAt S4

o HES L SN 2= 4




71 o7

ok
ook

X S 3Al - SKT, KT, LG 282
xk OFI}OI-QEAI 7IE 7HH|'

* YXILLMMI|(QRNG), 257 |£H{(QKD)
* SR Ey= Bt

* LG MX}

* HH2tE FHT(Qu&Co)2t YAt A|S2|0|E| 7L o1 ok

* A Fx}

% 7|E} - $ICHXISX}, SKSIO|HA, EA

-l—,




o =
o0
3
0

| d

ol
— —)

il

ol

b

FAHE 7|

FX} AlZ2f0]

(o]
o

20

5

(@]




A} (FILIC} 2)

E**(GIST) Sxx(G1M|H),
?:!**(’SEE'FEH), L (M=),

. : = OI'_IE_ 7':!** 743|C ol|**(A3s|C
of(mat2ch), 2+ (0lstoich) . feslalh o sl

O[**(22{CH), OI**(GIST), (M SLH), Z[**(n2irh)

(M=), Z**(UNIST), T L **(1M|CH)
S (KAIST) O**(A2CH)
gh(Za3Ll), A (A 2CH),
Ok (M 2LH), oH*(KAIST), oF
% Xt Al=Z2|0|E Z*+ (), &H**(T2CH), =
al okx} ojAle{yl E|**(KAIST)
AtC

2+ (KAIST), &** (R4tH),
Z&**(KAIST), Z**(AM|CH) S Tl

, B (EHAT),

i Of*(Breftl), 5i** (= 2tch)

—

= (SAIE), B (S ET),
S OI"*(KAIST), Ol"*(3HT),

AR} MM 2 1% H), O1**(ZHesCH),
IH),

al o|o| & Z**(KAIST), &**(GIST)

) a*(M=tl), 2F*(KAIST), &**(F-ATH),
O|**(KAIST) Z*(AAMICH), &*(GIST), &**(XEtl), 51*(KAIST)




Ci&t — o171 MIE]

JoI

* OIZXS AYXARE IT 212y o7 ME,
KAIST ITRC (0|7 14)

% Otxww of TLMIE{,
BAMCH ITRC (28 u%)




o
a B _—_— L] &
t » Resist| 1 Ultrahigh vacuum
aporat )

l o \ / ! “ -’ £ 7 5

Laser system

Control system (FPGA)

| €
“. DM & molen

LP Collimator
| -

-
»
»
5
>
®
>
>
°




Dealer

Cryo-CMOS Qubit Controller
[VLSI 21]

Digital blocks

CHUNDOONG
3w

P =) B et 15
[ B )

.It III tmmn_-I\
1) )| [
. "B mmu-)

3 ml '
1 L mmm_-l‘ >
1 "

=il




Chisl — SRt AIEH|0|E 3 X} O lE|'d

Unknown Output
[¥) U 1)

Preparation: | Operation | Measurement

0.0,

Black bo , T8 4D ] e U NIAEE BE U NP BW 08
Black box me {s,f} X-DN UDASE WL EX NLX N 2

F

Learning Algorithm )———

oy o e |1R€E
if m=f 7
1QC QQ

a"W ¢+ wr | Ms=#of consecutive “s”
CHUE! EOIN (NE! @) HD21G0 BE X N Y (Quantum Machine Learning)




) Q W /\'A 1: Laser

2: Single Photon detector(SPD)

3: Bob

4: Quantum channel(QC)
! = 5: Alice
| S ¥ 6. Storage line(SL) & Faraday
’1‘ > mirror(FM)

L SR N =1

5
-
. —

7: Attenuator(ATT)

SAZE JlHlE

GHe Fig. 1: Ferroelectric proximity effect and the DMI at the BTO/SRO interface.
HH

Bellstate i
i 1 . b
5 s ‘
- . . . Ve S
H v HH J10
» . [} ¢ 5 <
£ps Y@ ——
o . . o ]
2 <
o Bie s Dy (8, 8,
1 ¢
|

yyyyy

»»»»»

Singe




.




ETRI, KIST, KRISS

Xt Ao

ETRI, KISTI

emulator

ETRI, KIAS, KIST

= ] B
kXl H{4l2{! ETRI, KIST

N
<2,
o
2
-
&
2

X} KRISS

=
[

o =M QX
ux Algeoly 5 =W
3 R} OfAl2

ETRI, KIST, KRISS

ETRI, KIST, 3£

OIXI™MH 7|HI7|& KIAS, KIST, KISTI, KRISS




UX BEHE (e F- 113
2|¢he| X HFE T4 b | anEEy

M X T8 7|8 @
HEl Je g2 25

%Xt H|O|E X}
= :

U FHI R Z2MHAM
&

1550.12nm
Notch

> SiN ZEHEZ ST HOIE 82
NOT HOIE &

vVEEAE HOIE SH
v 81% CNOT HI0I E fidelity
v um sc

v 0.2 dB/cm

1550.12nm SiN PIC

Pass

out
Couty)|

out
Ceodly

t
Tou0

out
Tod,

"- DIAr A
ol owt et e e et n el et

[CNOT AO|E & SiN ZHH3|z & X )

1 k] [k .,
BlY)

[EH FHIE BTN Z F2 FHE X))

2l 9 CNOT Hl0|E SHUXN BEMY3|2 0 &




X174k FRpA| =2 0]E

Diamond Spin & Photonic Qubit

e « byl quantuem infarmation scsiog

"
H3Q3 . QaHs
b3

QPU o1

; Q6 H
o+ 1) R I

i
I'I I— __I1J|J_1| ||{:|u: \_:--!a||—. KUk L

Q'H,. 0"
QPLU results

Quguart preparation, [W¥dn  Proj. measurement, @@,
PRS

Ar ;
Phase estirnatlon,

ClO[Ot2E MZgt RH|E SAIAFE

b

I
v

d=~6nm




KRISS

ZHEH 714 SREFE H SRISI0|HEE I X 22x} 719k SxEAEI0IE J]E

'J ".‘ upj‘d[gp

o) o iy

100 150
Number of Clifford gates

crel@xt it Ut HEAY [ 8y 2 S 718 Co|OF2 S/RAT 7|ut SR 7|2

RISS NSR Zt %*IPEI sl




)
mro
-~
101 =
e :
T n . o
(o) - = :
Kl : §
In K
00 © : :
I- | J | p a
K0 o ) ; :
— ol k{0 ] p s
T -~ =X i - :
I ¢ 3
Ol & I E z ; 3
| <m 2k a x J :
- N N o M :
M jor iy K : ; §
~ LHO Rd Ly m.*._. ==_.____ 5 8
H A < o B R W0 £ g
KO R 5§ & ¥
= E®e z0 K0 A 2 ¢
s OO o0 3 1 K 5=
o0 * * R = 5 S
; = o0 S [
o s 2
9 (« i < |
% %




[28 2]

SAECISE S8 & g41X1E

- HOIS MIEIEH (XIS ITRIRNIE, HZITHSH) -



MIES
o

=

A4
=
T

SUNG KYUN KWAN UNIVERSITY(SKKU)

A

8l




FXI?1=(Quantum Technology)2t YZPY .otk

Engineering /
Control

Software /
Theory

Education /
Training

yL
o

superconductor ion trap quantum dot




Detection
filter

Rectilinear [
polarization |
mode

Diagonal
polarization
mode

“Establishedbit value

S i
a Unpolarized |t ‘_" a

photon

. A3
Alice's bit sequence: (] 0 1 ] 1 0 1 1 1
Alice's filter scheme: 4 i N J N 7 ~ N\ —
Bob's detection scheme: . | ) b4 | { *
Bob's bit measurements: 1 0 1 0 1 o 0 1 1
Retained bit sequence (key): — 0 - 1] 1 - - 1 1

sni Fx'® & X @5‘@] (+ % ++x * \\9&54

https://caislab.kaist.ac.kr/publication/paper_files/2016/20160623_JU.pdf

Alice Bob

Message

+5* o

Message

Public (insecure) channel
Encoded message —>

Decoder

H Encoder

1)

L Quantum key distribution channel J
Random secret key —>

https://medium.com/@jasminenharris/quantum-key-distribution-the-future-of-cybersecurity-44f11df4c92f
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lonQ and South Korea’s Q Center
Research and Educational Alliance

lonQ is enabling researchers, scientists, and
students at Sungkyunkwan University and across
South Korea to learn, develop, and deploy quantum
appllcatlons on the world S Ieadmg quantum

—{ SUNG KYUN KWAN @ CeNiel

=  UNIVERSITY YrF LA R
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Quantum Solutions W

Ways to join
IBM Quantum
Network

Contact us -

(So2ttl + M=, AMO, DAL, 2SO, ZFSH, uNisT)

IBM Q Network &

Systems Tools v Learn v  Careers Vv

Become an IBM Quantum Hub

IBM Quantum Hubs are regional centers of quantum computing education,
research, development, and implementation that provide collaborators online
access to IBM guantum technology.

Each Hub is enabled by IBM Q systems, and collaborates with IBM Quantum
experts to advance quantum computing. The Hubs disseminate IBM Quantum
technology access to their own members and support members in advancing

and experimenting with guantum computing.

i 26 B der Bundeswehe "?’I.'i' 1
* % & _:;a: "f Universitdt {3 Miinchen e
Keio University 1 Loy g
MELBOURMNE

z INSTITUT .
[0l 60ANTIoUE ““?""‘ig‘"“' AFRL

e

UNIVERSITE DE SHERBROOKE

& UNIVERSITY OF

C@: :w';m 5 OXFORD P i 5K
NC STATE @ BidS
UNIVERSITY ﬁ‘ CER DA >z

Launch IBM Quantum

¥

ﬂ‘i C S l SUNG KYUN KWAN
& C ) UNIVERSITY

ZZ Fraunhofer

INTERNATTORAL THERTAM
MNANOTECHNOLOGY
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National Laboratory

« Los Alamos

NATIONAL LABORATORY

EST. 1043
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IBM Q Network Homepage - https://www.ibm.com/quantum-computing/network/members/
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IBM Quantum Services
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IBM Quantum Composer

! File Edit Inspect View Share Setup and run
Composer files | P
T Dfiles PNl o il Untitled circuit saved Vis 7520 o

SR v HEBAAED HEEEEc ¢ o - s
i N | i s i
ot o+ i A I I I N R R R

1 from giskit import
21 Untitled circuit 3 months ago QuantumRegister,

q s . E l = ClassicalRegister,

QuantumCircuit
Probabilities @ Q-sphere v @

=

2 from numpy import pi

qreg_q = QuantumRegister(5,

'q")

creg ¢ = ClassicalRegistex

(o, e

& circuit = QuantumCircuit
(greg_q, creg c)

L

000100,

circuit.h(qreg ql0])
circuit.cx(qreg_ql[8], qreg_ g
[11)
18  circuit.ex(qreg_ql[@], gqreg_ g
[21)
11 circuit.ex{qreg ql[@], qreg q
[31)
12 circuit.cx(qreg ql@1, qreg_q
[41)
3 circuit.measure(qreg_q[0],
cregs_clf])
14 circuit.measure(qreg_q[1],
2wz State [ | Phase angle creg_cl1])
1 circuit.measure(qreg_ql[2],

Qiskit

900~

Probabili
E
@3

|
3
[uey

ey
(%3]

ramnintatinnal haziz srates
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Job Summary

Name

ID

Status
Requested
Completed
Executedin

Predicted

Metadata

shots
sampler_seed

giskit_header

Results

0000

Program

"gate": "x',

7b82fc86-Ta16-4a33-9e0f - 048a9c6499b5 "targets": |

@ completed

—‘ X X X
Tue, 26 Oct 2021 06:09:18 GMT 1
Tue, 26 Oct 2021 06:09:19 GNT : . RX

I [ 032
sl gate": "',
"targets": | RY
16ms 1 b
]
‘ "0 .
{ vl ®vertical  «?100% X download
el Output
2048
nNoneu ‘ A
status: conpleted =
"HasTAT6bd2EC /12000r CHAXFF 2XKHWHG FPFXxghtKbOQrqbdHab476 YbBPXtcs /NIS+IPqaBYqEOF 7g13aGBkZIhI+TKV6qVqoIebFBF 50
AL2S1hP15BSpf91CUBfY31PTgpu2GohOQHyVhPX6WV tKeTprOmy3bIfoSHS/bP5PVyepkdfLufHEAQ25BUT TAAAA=" 5 predicted_execution_tine: 16

registers: |neas_napped: (i

netadata: {shots: '2048", sampler_seed: 'None", qiskit_header: "H4sIAIGDA2. ..
execution_tine: 21

7 qubits:

@ tyoe: 'circuit

@ request: Tue, 26 Oct 2021 06:09:18 GNT

4 start:

[ response: Tue, 26 Oct 2021 06:09:19 AT
[ data: [histogran: [§), registers:

[ gate_counts: [1g: 57, 2:

m id: "7h82f c86-7a16-4a33-9enf -048a9¢6499b5

: - : : ; : ; [ target: 'sinulator
111
[ script: {lang: "json', body: (§)

19



Sl=d?

= HOIC A 2ol

=1

Component experiment 1

Qubit 3
Ty =10.27 £ 0.70 ps 0,91 T;Ramsey = 1.75 £ 0.38 us
05 s
v
04 7 08]
' !
= ;
~ .
T 03 g
2
0.2 '.E 0.61
el
2
0-1 e 0.5 4
1 I R T N N I
Delay (s) o Delay (s) le=5

DbAnalysisResultVl
- name: T1

value: 1.0272741740106604e-0

- ¥% 0.7717121568549775

- extra: <9 items>

- device_components:

- verified: False

['03"]

5

-

I

007644304415822e-07 s

DbAnalysisResultvi

- name: T2star

- value: 1.74709315268528682-06 = 3.81620844877249e-07 s
- y*: 1.5801497696665117

- quality: bad

- extra: <10 items>

- device_components: ['Q1']

- verified: False

ObAnalysisResultVl

- name: Frequency

- value: 87509.40178375931 # 9363,388112560515 Hz
- x*: 1.5801497696665117

- quality: bad

- extra: <10 items>

- device_components: ['Q1']

- verified: False

Component exper iment 0

1M alpha = 0.9985 + 2.1900e-04
a5 EPC = 7.3009e-04 + 1.0950e-04
: EPG_rz = 0.0000e+00
ke EPG sx = 3.7880e-04
- ] EPG x = 3.7880e-04
0l —
0.85 ) F[tX = 0.1136
B
& 080
0.75
0.70
0.65
0 200 400 600 800
Clifford Length

ObAnalysIsResul tVi

- name: @Parameters_RBAnalysis

- value: [0.48828341 0.99853083 0.51408031] + [0.04557498 0.000219
- x? 1 0.11362396283915219

- extra: <8 items>

- device_components: ['Q0']

- verified: False

DbAnalysisResul tV1

- name: alpha

- valug: 0.9985398294640082 + 0.00021900419974582927
- x? : 0.11362398283915219

- device_components: ['00']

- verified: False

DbAnalysisResul tV1

- name: EPC

- value: 0.0007300852675469205 + 0.00010950209687291464
- x? : 0.11362396283915219

- device_components: ['Q0']

- verified: False

DbAnalysisResul tV1

- name: EPG_rz

- value: 0.0

- x? 1 0.11362398283915219

- device_components: ['00']

- verified: False

DbAnalysisResul tV1

0.04581386]
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EXHIBIT 2 | The Journey Toward Quantum Drug Discovery

Quantum computing era

Near term B S

Quantum-inspired Broad quantum Full-scale
CADD’ advantage fault tolerance
0-3+ years 3-5+ years 10+ years 20+ years
Techhical Quantum-inspired Error mitigation Error Modular
milestones software and classical and circuit correction architecture
machine learning optimization
Quantum computing Faster, Improved CADD speed, Virtual screening End-to-end in
enabled or advanced more-accurate CADD scope, and accuracy and optimization silico drug discovery
Hardware Classical Quantum? Quantum Quantum
Source: BCG expengnce and an_aiys:s. e AN
1CADD = computer-aided drug discovery. COST PER Variable time ~4.5 years ~1 year ~6 years ~1.5 year
LAUNCH and cost ~$700 million ~$200 million ~$1,200 million-$1,700 million ~$50 million

2NISC = noisy intermediate-scale quantum.

Target Assay : . ' ini i
STAGE Target ID validation {eieVelapent e : Clinical trials
Identify Confirm role Develop tests study Test drug in humans for
disease drivers of target(s) to measure etabolism, efficacy, safety, and dosing
target impact ;

KEY PAIN Weak signal  Experimental  Unreliability  Lack of

POINT(S) in large data  limitations of tests ‘exhaustiveness

VALUE Algorithms Virtual screening of massi Algorithi Algorithms that simulate
UNLOCK algorithms; that reflect virtual libraries ‘ 1 tar drug/patient interactions

higher human
computing systems
power

Second-largest potential Largest potential for quantum iy 1ar$est, st
-— g —— i — — potential for quantum —
for quantum computing computing; expect first use here LA ! "
computing; long time horizon



What Happens When
‘If’ Turns to ‘When’ in
Quantum Computing?

July 2021
By |enn-Frangois Bokmen, Matt Langions,
Edward Tao, and Artome Goumiich

!

L1 LU L
nu

Lenbsg in the Mew Reabey

Digital Transfo

McKinsey
& Company

Automotive & Assembly Practice

Will quantum
computing drive the
automotive future?

As quantum computing comes closer to reality, automotive
players are exploring its potential,

by Ondref B urkacky, Neko Mohr, ard Lorenzo Paufasso

September 2020
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What Happens When
‘If’ Turns to ‘When’ in

Quantum Computing?

Qg . Exhibit 2 - Four Quantum-Advantaged Problem Types Unlock Hundreds of

By Jean-Frangois Bobier, Matt Langione,
Edward Tao, and Antoine Gourevitch

Use Cases at Tech Maturty

1 Quantum-advantaged

; ! Sparse matrix math
mathematical function P

4 Computational problem o
types . .
Simulation

Machine Learning

|
0

Cryptography

Pharma: Drug discovery Finance: Portfolio Automotive: Automated

High-value industry
100+ UsSe cases

*5izing at tech maturity

$40-80B

Aerospace: Computational
fluid dynamics
$10-20B

Chemistrny: Catalyst design
$20-50B

Energy: Solar conversion
$10-30B

Finance: Market simulation
(2.g. derivative pricing)
$20-35B

optimization
$20-50B

vehicles, Al algorithms
$0-10B

Insurance:
Risk management
$10-20B

Fimance: Ant-fraud,
anti-meney laundering
$20-30B

Government: Encryption
and decryption
$20-408

Logistics:
Network optimization
$50-1008

Tech: Search/
ads optimization
$50-100B

Aerocspace:
Route optimization
§20-50B

Machine learning applications to impact most, if not all, industries

Corporate: Encryption
and decryption
$20-40B

-----
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Quantum Algorithm Zoo

This is a comprehensive catalog of quantum aigerthms. If you notice any errors or omissions, please
emall me 2t stephen.jordan@nist. gov. Your help is 2ppreciated and will be acknowlzdged

Algebraic and Number Theoretic Algorithms

Algorithm: Factoring

Speedup: Superpolyncmial

Description: Given an n-bit integer, find the prime factorization The quantum algorithm of Peter Shor
solves this in O(n.g} time [82 125] The fastest known classical algonthm for integer factorization is

P
the general number field sieve, which is believed to runin time ‘20["‘1 ) The best nigorously proven
upper bound on the classical complexity of factaring is Ot?"“’g'*“[l}) [252]. Shor's factoring algerithm
breaks RSA public-key encryption and the closely related quantum algorithms for discrate loganthms
break the DSA and ECCSA digital sighature schemes and the Diffie-Hellman key-exchange protocol
A guantum algarithm even faster than Shor's for the special case of factonng semiprimes’, which are

Oracular Algorithms

Algorithm: Seaiching

Speedup: Polynomial

Description: We are given an oracle with N allewed inputs. For one input w ("the winner™) the
eorresponding output is 1, and for all other npuis the corresponding cutput is 0. The task is to find w.
On a classical computer this requires Q(N) queries. The quanium algosithm of Lov Grover achieves
this using O( v/ | queries [48] which is optimal [216] This has algorithm has subsequently been
generalzed to search in the presence of multiple "winners” [15] evaluate the sum of an arbitrary
function [15.18,73], find the global minimum of an arbitrary function [35,75. 255], take advantage of
alternativa initial states [100] or nenuniferm prebabilistic priors [123] work with oracles whose runtime
varies between inputs [128] approximate dafinite integrals [77], and converge to a fixed-point [208.
20¢]. The generalization of Grover's algorithm known as amplitude estimation [17] is new an important
primitive in guantum algorthms. Amplitude estimation forms the core of most known quanium
algorithms related to collision finding and graph properties. One of the natural spplications for Grover
search is speeding up the solution to NP-complete problems such as 3-SAT. Doing s0 is nenirivial,
because the bast classical algonthm for 3-SAT 1= not quite 3 brute force search Nevertheless,
amplitude amplification enables a quadratic quantum speedup over the best classical 3-5AT
algorithm, as shown in [133]. Quadratic speedups for other constraint satisfaction problems are
obtained in [134] For further examples of application of Grover search and amplitude amplification
zee [261, 262] A problem closely related te, but harder than, Grover s2arch, is spatial search, n

Approximation and Simulation Algorithms

Algorithm: Quantum Simulation

Speedup: Superpalynomial

Description: I is believed thal for any physically realisic Hamiltoman H an n degrees of reedom, the
coresponding time evelution operator e =l o be implemented using poly(n.f) gates. Unless
BPP=BQF, this problem i= not sclvable in general on a classical computer in polynomial time. Many
techniques for quantum simulation have been developed for general classes of Hamiltonians

[2585 82 5 12 170,205 211 244 245 278 293 294 7958] chenical dynamics [B3 88 227 310]
condensed matter physics [1,89, 145] and quantum field theory [107 186 228 226 230] The
exponential complexity of classically simulating quantum systems led Feynman to first propose that

EXHIBIT & | Workhorse Algorithms Will Dominate During the NISQ Era

ROBUSTNESS

s-»Realm of Quantum Advantage

WORKHORSES

-------- Heuristic algorithms for robust, i
fevrqubit applications :

VOQE* QAOA DDOCL?
OAE* PT®

Annealin

(to noise and errors)

PUREBREDS
otk el s Oubit-heavy algorithms with  «oeooeeeees :
theoretically proven speed-up ‘
Grover

HHL? Spa

Trotter-types Shor/HSG*

No speed-up Polynommal

SPEED-UP POTENTIAL

(versus best classical algorithm)

Sources: BCG analysis; expert interviews.
WVariational quantum eigensolver.

‘Quantum approximate optimization algorithm.
*Data-driven quantum circuit learning for generative modeling in machine learning tasks.
‘Quantum auto encoder, a compressicn algorithm for quantum data.

SPopulation transfer between computational states with similar energies for search and reverse annealing optimization.
SOptimization by quantum annealing as an alternative to circuit-based algorthms.
"Linear-system-solving algerithm devised by Harrow, Hassidim, and Lloyd.
fSemidefinite programming.
"Trotter-based algorithms for molecular simulation and adiabatic state preparation.
PAlgorithms exploiting hidden-subgroup symmetries such as Shor's algorithm.
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Variational quantum eigensolver (VQE)
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Variational quantum eigensolver (VQE)
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VQE experiments 1
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VQE experiments 2 (IBM)
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VQE experiments 3
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chemically active species

™ =0 EML 2AM X9 [PNAS 114, 7555 (2017)]
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Where we are? Where we have to go?
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2021 K-Quantum Square Meeting
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Surfing the Waves of Big Data
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Quantum Computing + Machine Learning
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What Do Quantum Computers Solve?
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What Do Quantum Computers Solve?
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“Near-term Quantum Computers will be too big and too small”
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Major Streams of QML Research

Long-term: Quantum Linear Algebra Near-term QML
Exponential or polynomial speed-up in - Kernel methods
- Support vector machine « Quantum neural network
 Principle component analysis - Combinatorial optimization
- Bayesian methods - Quantum-inspired classical algorithms

* Constant improvement can be impactful.



Example 1: Kernel Method for Classification
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Example 1: Kernel Method for Classification

Raw data TERY S [H(T)) € c2
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Classical feature map

nature .
compucational ~ARTICLES Potential Improvement:
https://doi.org/10.1038/s43588-021-00084-1 v

- Model capacity/expressibility
The power of quantum neural networks + Trainability

Amira Abbas'?, David Sutter', Christa Zoufal'*, Aurelien Lucchi®, Alessio Figalli® and Stefan Woerner ®'X



Example 1: Kernel Method for Classification

Raw data — N s N
' o x eRY - |[¢p(x)) eC
Classical feature map O Q Quantum feature map =
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>
compuaioa _ ARTICLES Potential Improvement:
ttps://doi.org/10.1038/s43588-021-00084-1

- Model capacity/expressibility
- Trainabillity

The

Aumiara Al Article [ Open Access } Published: 11 May 2021

Power of data in quantum machine learning

Finding sweet-spot to circumvent
the curse of dimensionality

Hsin-Yuan Huang, Michael Broughton, Masoud Mohseni, Ryan Babbush, Sergio Boixo, Hartmut Neven &
Jarrod R. McClean




Example 2: Quantum Convolutional Neural Network

10)

10) . Convolution

0

:Oi O Pooling
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10) 7 » T-shirt or
A Trouser

v

Classical Computer
- Input: 8 qubits

- Total number of parameters: 12 ~ 51
- Training: 12000 / Test: 2000

arg miny C(0)




Example 2: Quantum Convolutional Neural Network

mNIsT IR Fashion MNIST [ Ll

99
941
o 98
)
S oo 92 . .
9 97 Classical CNN with 44 params: 92.4%
()
c 961 90
i)
=
E 951 88|
‘941 Classical CNN with 44 params: 93.3%
wn
© _ 861
] _
937 (12) 2(12) 3(18) 4(24) 5(24) 6(24) 7(36) 8(36) 9(45)10(51) 1(12) 2(12) 3(18) 4(24) 5(24) 6(24) 7(36) 8(36) 9(45)10(51)
Model (Num. of params) Model (Num. of params)
0.8 1
0.7 1 .
- Trains faster.
0.6
n
§ 0.5 - Less sensitive to random initialization.
0.4
0] LNy - Higher accuracy in the few parameter regime.
- ".‘/{l"‘ !\“1 l‘p'"\ ‘f\/”‘\f‘w“ A ;x | \»‘y" 'y / \“‘f\ M M /L ‘
0.2 VIV "»’\i\,,’%“\j UL VAN i
0 50 100 150 200 Tak Hur, Leeseok Kim, Daniel Park. arXiv:2108.00661 [quant-ph]

Iterations



Example 3: Clustering

Computer vision: self-driving,
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Example 3: Clustering

1.00 ot
k clusters o Quantum+.*_+_+.+-+..+.+.+.+
® 0 ® . . o . 7 098 +.‘-*"+'”
— Combinatorial optimization S 0.96- |
C W _ _ = + Classical upper bound
°o, o ? — Hamiltonian problem o
: o H
® ..“ O — Quantum computing! goo|
0.90 1 +
— B e
0 4 8 12 16 20 24 28 32
|0y — g /7& QAOA steps (P)
MaX‘CUt |O> _QAOA(H()a ngaph)_ /]Q
> : I
10) — e
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o\l . . N
ngaph Iterative optimization
Adiabatic Quantum Computing:
Slowly increase 7 from 0 to 1 [
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Open Problems for Near-term QML

- Empirical evidences for advantages of QML - More theory needed

- No free lunch theorem: ldentify the right problems for near-term QML
- Kernel methods: Identify the right feature maps
- Quantum neural network: Trainability”? Generalization error?

- Classical-Quantum hybrid model: Optimizer robust to quantum noise



Future is Hybrid

Computer vision

Bioinformatics

Logistics Clustering

Classification

Neural network

Medical diagnosis

Autoencoder

High energy physics

Anomaly detection Finance

Dimensionality reduction GAN

Combinatorial optimization

Kernel method
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